The key role of hydrological variability in structuring brown trout populations is well-14 established. However, the influence of additional drivers is more difficult to identify. similarly. In addition, seven other drivers were identified. Among these additional drivers, 22 hydrology mainly explained temporal fluctuations in trout density, regardless of reach. Three 23 drivers independent of hydrology were also revealed: poor water quality, limited spawning 24 area, and the effect of power plant operations. All drivers influenced the whole bypassed 25 section and were never limited to the scale of the reach (sampling area). Further analyses of 26 each driver are now needed, to regionalize and quantify their respective impact precisely. 27
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Research perspectives include developing a tool that can be used at any location, integrating 28 temporal variability and most of the controlling drivers for each population type. Thus, 29 assessment of trout population status would be simplified, enabling implementation of 30 efficient management rules. 31 32 KEY-WORDS: Trout, population dynamics, structuring drivers, bypassed section 33
INTRODUCTION 35
Freshwater ecosystems provide vital natural resources (e.g., clean water and food) and 36 services (e.g., energy, irrigation, waste assimilation, recreation) that contribute to human well-37 estimated that freshwater vertebrates declined at an annual rate of 2.4% over the period 1999. In the last few decades, 20% of described freshwater fish species worldwide have been 41 listed as threatened, endangered or extinct (Magurran et al. 2010 ). Among fish species, brown 42 trout (Salmo trutta L.) is subject to specific human impact because of its economic and 43 cultural importance. In France, in addition to these pressures, a large majority of hydroelectric 44 schemes (80%) are located on salmonid streams, where brown trout is the dominant fish 45 species. Moreover, studies of reference streams revealed a significant decrease in brown trout 46 distribution area and abundance in recent years (Poulet et al. 2011) . Multiple causes were 47 data and deterministic approach), while other parameters of the population dynamics 129 model remained constant. For hydrological drivers, minimum duration and flood 130 threshold were also tuned: the population was influenced when daily flow exceeded 131 threshold for a sufficient number of days. Values associated with the minimum 132 deviation between observation and simulation for the reach (all development stages 133 and all years) were retained for analysis. 134 (3) Returning to step 1, another driver was identified, with the same approach. The 135 process stopped when remaining drivers no longer explained any residual deviation. 136
Model validation

137
MODYPOP validation was based on tests of the significance of each reach model, for each 138 development stage. The Monte-Carlo randomization test was used with 10,000 permutations 139 of observed density (Crowley 1992) . The aim was to test whether random assignment of data 140 would be as closely associated with the model's predictions as the original data. The ability of 141 the model to capture temporal variations was validated for a given reach if less than 5% of 142 random permutations were associated with (1) a lower sum of squared deviations and (2) a 143 better prediction of the direction of density fluctuations from one year to another. 144
Data set 145
Bypassed sections and reaches
146
The study focused on five bypassed sections where brown trout (Salmo trutta L.) was the 147 dominant fish species. They were located in four mountain watersheds, geographically remote 148 from one another except for Fontan and Breil which were at about 10 kilometers' distance 149 (respectively, upstream and downstream bypassed section) in the same Mediterranean stream 150 (Fig. 1) . The physical characteristics of the bypassed sections differed greatly, with annual 151 mean flow ranging between 2.7 and 20 m 3 .s -1 , altitude between 280 and 740 m and slope 152 between 0.7% and 3.7% (Table 129287 ). All constituted little reservoirs upstream of a dam 153 without retention capacity, with high natural flow rates occurring by overtopping. 154
One to three reaches were selected within each bypassed section as being representative of the 155 mesohabitat assemblage of the whole section (Table 2) . When more than one reach was 156 chosen in a given bypassed section, these reaches showed significantly different mesohabitat 157 assemblage. We chose to study the population dynamics at reach scale so as to be able to 158 detect whether driver effects depended on the mesohabitat assemblage.
Conducting local modeling in nine reaches, some of which being located within the same 160 bypassed section, provided an opportunity to investigate the generalizability of the local 161 approaches: local results were summarized by characterizing the spatial and temporal 162 incidence of the identified drivers. 163
Monitoring and estimation of model drivers
164
The study period was from 1990 to 2013. During this period, each reach was monitored in 165 terms of trout population, habitat, water quality and inter-annual variables (discharge, 166 temperature and streambed substrate favorable to spawning). 167
Each reach was sampled annually by wading, using two-pass removal electrofishing Daily discharge and temperature time series were determined from recorders deployed within 189 each monitored bypassed section. When discharge was temporarily unavailable, it wasextrapolated using natural daily discharge time series and/or operative data provided by power 191 plants. Missing water temperature values were estimated using extrapolation models from air 192 temperature (Bret et al.) . 193
Habitat simulations associated to daily discharge time series determined daily WUA time 194 series for the three development stages for each reach. This dynamic approach is considered 195 the most appropriate for studying habitat limitation in population dynamics (Capra et al. 196 1995) . It was used in MODYPOP to evaluate local carrying capacity by monthly steps for 197 each development stage. 198
The date and magnitude of each power plant operation event (overtopping, flushing or plant 199 shutdown) that occurred during the study period were determined. Water quality was 200 measured on each reach at the beginning of the study, and then regularly recorded only in 201 reaches at risk of poor water quality according to the first analysis. 202
RESULTS 203
Population structure and carrying capacity 204
Strong temporal fluctuations in trout density were observed in all study reaches (Table  205 16320). Mean densities and standard deviations were higher for 0+ than for 1+ or >1+. The population structures were quite similar to each other, except for the Breil reaches. 209
Comparison of the two trout populations in the Roya River (separated by ~10 km) revealed 210 differences in biological characteristics. Growth was higher downstream in Breil (26-32 mm 211 in the third year) than upstream in Fontan (21-24 mm at the third year); trout survived longer 212 downstream (5 years) than upstream (4 years); and age at first maturity in females was greater 213 downstream (3 years old) than upstream (2 years old). 214
The carrying capacity of each development stage fluctuated between reaches within a given 215 bypassed section and between years in a given reach, depending on discharge. Limitation due 216 to carrying capacity was never observed in any reaches at any time during the study period. 217
Additional reach-specific drivers 218
The seven additional drivers identified are presented in Bold italic: non-significant test 219 Table 4 . For the three bypassed sections represented by two or three reaches, the same drivers 221 were involved for all reaches, and tuned parameters (mortality rates, and flood thresholds and 222 durations) showed the same values. 223
Four drivers concerned hydrology. Two types of hydrological event induced mortality: (1) 224 floods during spawning (for the Beyrède bypassed section, represented by three reaches) or in 225
Spring (for all reaches) induced mortality in 0+ trout, and (2) exceptional floods induced 226 mortality in all development stages (for two bypassed sections represented by five reaches: 227
Beyrède and Fontan). Flood thresholds and minimum durations inducing 0+ mortality are 228 presented in Table 5 . Mortality rates could differ greatly depending on the intensity of the 229 event (between 20% and 90%). 230
In contrast, two hydrological events induced positive effects on mortality: (1) than one reach, all identified drivers operated at all reaches of the section. Most of the driverswere observed in any given bypassed section. Temporal occurrence was somewhat dependent 253 on study period duration, and was more variable than spatial occurrence: between 0.08 254 times.year -1 for exceptional flooding and every year for overtopping in the Rory bypassed 255 section, and for biotic processes (those included in the initial model: survival, fecundity and 256 growth rate, potential carrying capacity and food availability). 257
Model validation 258
Validation test results are presented in Table 16320 . 259
First, validation tests were performed on reach models with only biotic drivers (without the 260 seven additional abiotic ones). Results revealed that only 15% of reach models were validated 261 for the direction of the density fluctuations between years and for the density value. 262
Second, validation tests were performed on final models, integrating all drivers (biotic and 263 additional abiotic ones). Additional drivers greatly improved the number of validated reach 264 models: 63% for density fluctuation direction and 70% for density value. All models for the 265 BREIL1 reach showed poor results. Models for 0+ were validated for all other reaches, except 266 for direction in the ROIP2 reach (p-value=0.06). Predictions for this development stage were 267 then successful in seven of the nine reaches. Predictions for other development stages were 268 less satisfactory (5/9 for 1+ and 6/9 for >1+). The first development stage was better 269 simulated than the older ones. 270
The present study revealed that biotic drivers structured all reaches. In addition, seven other 272 drivers were identified, four of which concerned hydrology. All drivers operated at bypassed 273 section rather than reach scale. 274
Biotic processes 275
The biotic processes originally included in the model (survival, fecundity and growth rates, 276 carrying capacity and food availability) structured all reaches. They were necessary but not 277 Adult densities were not correctly simulated for this reach (non-significant validation tests: 316 57% of simulated densities higher than observed values). This driver may be less structuring 317 for adults than for 1+ trout, and dedicated monitoring will be required to study adult 318 migration on this reach. Juvenile and adult migration were previously observed in other 319 streams, occurring regularly over the years, depending on different drivers ( Rory reach appeared to be a major structuring driver, occurring every 0.89 years. In contrast, 335 poor water quality in the Breil reaches and power plant operations in the Beyrède reaches 336 were rarer, and will require long-term local monitoring. Drivers limiting trout biology (water 337 quality or spawning area availability) were only observed in one specific bypassed section, 338 but it could reasonably be supposed that the effect might occur in any bypassed section 339 affected by the same limitation. 340
Finally, when two or three reaches of the same bypassed section were modeled, no drivers 341 were identified for only one of them: i.e., all drivers acted at bypassed section scale. This 342 result is consistent with the spatial scale of influence of the identified drivers (Jackson et al. 343 2001) . 344
Synthesis 345
We propose to synthesize these results by characterizing the drivers identified in the study:
(1) general drivers, observed on more than two bypassed sections: biotic processes 347 (survival, fecundity and growth rates, potential carrying capacity, food availability), 348 flooding during Spring or spawning and exceptional floods; 349 2004). Results on these reaches were consistent with the drivers presented in this paper, but it 364 was decided not to include them because they were few in comparison with reaches located in 365 bypassed sections. Further studies need to be conducted on streams with unregulated flow, to 366 confirm main the drivers of trout population in various hydrological contexts. 367
Conclusion 368
The present study used long-term extensive biological and physical monitoring to build 369 population dynamics models with reach-specific calibration and validation procedures. This 370 required long and heavy investment, preventing wider analysis. Thus, this reach-based 371 approach is probably not suited to drawing general conclusions (Armstrong & Nislow 2012) . 372
Our comparative approach revealed drivers operating at different temporal and spatial levels. 373
Additional analyses need to be conducted for each driver on larger data-sets, to regionalize 374 and quantify their effects exactly. For example, the influence of hydrological events during 375
Spring on recruitment may be related to hydraulic conditions (e.g., flow velocity) rather than 376 of the mean daily flow value. This approach might reveal a global influence of hydraulic 377 conditions, rather than a site-specific influence of hydrology. Fitting the model through astatistical method would remove the time-consuming calibration procedures and also allow 379 the combined influence of drivers to be investigated. However, this would need more data, or 380 else fewer parameters. 381
Research perspectives comprise developing a more global tool that can integrate temporal 382 variability and controlling drivers for each population. 
